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Abstract—Zinc and carbon-doped InP/InGaAs heterojunction
bipolar transistors (HBTs) with the same design were grown
by metalorganic chemical vapor deposition (MOCVD). Dc
current gain values of 36 and 16 were measured for zinc and
carbon-doped HBTs, respectively, and carrier lifetimes were
measured by time-resolved photoluminescnce to explain the dif-
ference. Transmission line model (TLM) analysis of carbon-doped
base layers showed excellent sheet-resistance (828 
 for 600
A base), indicating successful growth of highly carbon-doped
base (2 1019 cm 3). The reasons for larger contact resistance
of carbon than zinc-doped base despite its low sheet resistance
were analyzed. and max of 72 and 109 GHz were measured
for zinc-doped HBTs, while 70-GHz and 102 GHz max were
measured for carbon-doped devices. While the best performance
was similar for the two HBTs, the associated biasing current
densities were much different between zinc (4.0 104 A/cm2)
and carbon-doped HBTs (2.0 105 A/cm2). The bias-dependant
high-frequency performance of the HBTs was measured and
analyzed to explain the discrepancy.
I. INTRODUCTION
I nP-based heterojunction bipolar transistors (HBTs) havedemonstrated excellent high-frequency performance [1]–[5]
and have been employed in high-speed IC applications [6],
[7]. Traditionally, Zn and Be are used as base dopants for
InP/InGaAs HBTs. However, the relatively high diffusivity of
zinc dopants could cause severe problems in terms of device
processing and reliability [8]–[10]. On the other hand, carbon
is a very attractive substitute as a p-type dopant for InGaAs ma-
terial due to its remarkably low diffusion coefficient. Heavily
carbon doped p-type layers have been successfully grown by
MOCVD [11], [12], metalorganic molecular beam epitaxy
(MOMBE) [13]–[16], as well as chemical beam epitaxy (CBE)
[17], [18]. However, the amphoteric nature of carbon dopant
makes it necessary to employ low growth temperature and low
V/III ratio in MOCVD growth to realize p-type doping for
InGaAs material. This could lead to the degradation of material
quality of InGaAs:C layers [19]. Large amount of hydrogen
passivation of carbon dopants also makes it more difficult using
MOCVD to grow heavily p-type carbon-doped InGaAs layers
than MBE. Use of as carrier gas was proposed to lessen this
problem [20]. Moreover, the growth interruption introduced
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by the low temperature growth of the carbon-doped base in an
HBT structure could lead to the degradation of base-emitter
and base-collector junction and hence degrade even further the
electrical performance of carbon-doped HBTs.
Recently, carbon-doped InP/InGaAs HBTs have been grown
by MOCVD. 62-GHz and 42 GHz have been achieved
by using TEGa and CCl as precursors [21], [22]. A two-step
MOCVD growth procedure has been also proposed to increase
the of carbon-doped HBTs to 160 GHz [23]. However,
it requires regrowth and the regrowth temperature must also
be low to prevent rehydrogenation during deposition. More-
over, the optimum biasing current density for best and
was found to be 2.3 10 A/cm and 1.6 10 A/cm ,
which is considerably higher than that of normal zinc-doped or
Be-doped HBTs, which is in the middle range of 10 A/cm . It
is therefore of great interest not only to study the high-frequency
issues of carbon-doped HBTs but also to compare their differ-
ence with zinc-doped devices.
This paper reports the first systematic comparative study
of zinc and carbon-doped HBTs. Successful growth and
fabrication of carbon-doped InP/InGaAs HBTs is reported by
MOCVD. A HBT structure was also grown and fabricated
using the same procedure, which employed zinc rather than
carbon as base dopant. The dc and high frequency performance
of these HBTs was measured and and of 72 GHz
and 109 GHz were achieved for zinc-doped HBTs while
and of 70 GHz and 102 GHz were demonstrated
for carbon-doped HBTs. Although the optimum microwave
performance was similar, these two types of HBTs show
considerable difference in terms of not only dc gains but also
optimum biasing conditions for microwave performance. Time
resolved photoluminescence characterization was performed
for heavily doped p-type InGaAs:C and InGaAs:Zn layers to
explain the dc gain difference. The microwave performance of
zinc and carbon-doped HBTs under various biasing conditions
was also measured and a simple method was employed to
analyze and compare the performances of these two types of
HBTs and to explain the observed discrepancy in terms of
biasing required for best performance.
II. MATERIAL GROWTH AND DEVICE FABRICATION
The HBT layers were grown using an in-house EMCORE
GS3200 low pressure metalorganic chemical vapor deposition
system (LP- MOCVD), which employs a stainless steel reactor
in vertical transport configuration. The carrier gas is H and
purified by Pd-cell diffusion. Hydrides and alkyls are carried in
two seperate lines to the growth reactor. The substrate is rotated
0018-9383/02$17.00 © 2002 IEEE
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at an optimized speed to compensate for the asymmetry of the
reactor and a rotation speed of 100 rpm proved to produce the
best uniformity across the wafer.
The group III metalorganics used in this study are all-methyl
organometalic precursors: trimethylindium (TMIn) and
trimethylgallium (TMGa). The group III precursors are stored
in bubblers and are carried out to the growth reactor by H
carrier gas. Pure 100% AsH and PH are used for group V
precursors. The system offers a double dilution system for two
hydrides in order to provide a high dynamic range. Si H (1%
diluted in hydrogen) was employed as n-type dopant. Liquid
diethylzinc (DEZn) and liquid carbon tetrabromide (CBr )
were used for p-type doping purposes.
Except for highly carbon-doped p-type InGaAs layers, all the
growth experiments were carried out at a growth temperature
of 570 C and V/III ratio of 20, which was optimized for
the MOCVD growth system and proved to give good quality
and reproducible epitaxy layers. For highly carbon-doped
p-type layers, low growth temperature and low V/III ratio
( 2) were employed in order to maximize the p-type doping
concentration. A growth temperature of 450 C was utilized in
this study to achieve the best tradeoff between p-type doping
concentration and good surface morphology.
A standard NPN InP/InGaAs HBT layer structure used in
this study is shown in Table I. The profile includes a base
thickness of 600 , a subcollector of 5000 uniformly doped
to 2 10 cm and a collector of 5000 lightly doped to
5 10 cm . It uses 1500 and 700 InP as wide-band
emitter layer with doping concentration of 5 10 cm
and 2 10 cm , respectively. Finally a heavily doped
InGaAs layer was deposited to improve the conductivity of the
ohmic contacts. For both zinc and carbon-doped HBTs, the
base-doping concentration was targeted to be 2 10 cm .
The zinc and carbon-doped InP/InGaAs HBT layers studied
here were all of the same design as discussed earlier. The differ-
ence was in their base growth procedure and base dopants. For
zinc-doped HBTs, all the layers were grown at a temperature of
570 C. However, low growth temperature and low V/III ratio
had to be used in order to realize p-type doping using carbon
as dopant. Due to the difficulty in growth under low tempera-
ture and low V/III ratio, it was difficult to control both the com-
positional and doping concentrations. A growth temperature of
450 C has been utilized in this study to minimize the degra-
dation of epilayer morphology and maximize the p-type doping
concentration at the same time. All other layers of carbon-doped
HBTs were grown at 570 C. The growth was therefore inter-
rupted for approximately 3 min before the base growth to de-
crease the temperature from the optimized value (570 C) to
the low temperature (450 C) required for carbon-doped base
growth. After base growth, the growth was interrupted again
and the system temperature was increased to the optimum value
(570 C) for emitter and emitter cap growth.
An all wet-etch based process developed at the University
of Michigan, Ann Arbor, was employed in the fabrication to
create trenches and isolation mesas. The base contacts were self-
aligned to the emitters to reduce the base parasitic resistance.
The emitters were protected and the wafers were then etched
to the subcollector layer using the base contact as etch mask
after base metallization. The resulting collector undercut led in
reduction of the base-collector capacitance and thus enhanced
TABLE I
STRUCTURE OF INP/INGAAS HBTS GROWN BY MOCVD
performance. The emitter and collector metal (n-metal)
employed in this study was Ti/Pt/Au. The base metal (p-metal)
employed in this study was Pt/Ti/Pt/Au.
Both zinc and carbon-doped InP/InGaAs HBTs were fabri-
cated together using exactly the same processing steps. They
shared the same wet etching solutions and their ohmic con-
tacts were evaporated simultaneously on both wafers. Rapid
thermal annealing (RTA) at 375 C was carried out after base
formation for 7 s in order to sinter the base contact. The varia-
tion in zinc and carbon-doped HBT characteristics due to pro-
cessing could in this way be minimized so that their comparison
could be meaningful. The observed differences, if any, are con-
sequently expected to arise due to the nature of the base dopants,
low growth temperature and low V/III ratio, which are neces-
sary to improve the carbon incorporation efficiency in case of
the carbon-doped InGaAs base. Another factor could be the in-
terruption time introduced before and after carbon-doped base
growth to adjust the growth temperature (450 C) to the op-
timum growth temperature (570 C) for collector, emitter and
emitter cap growth; zinc-doped HBT layer growth was carried
out at 570 C for all the layers without any interruption time ex-
cept for gas switching.
III. DC PERFORMANCE OF ZINC AND CARBON-DOPED
INP/INGAAS HBTS
The common emitter current–voltage ( – ) characteristics
of typical zinc and carbon-doped HBTs with emitter geometry
of 1 10 m are shown in Fig. 1(a) and 1(b), respectively.
As can be observed from the dc characteristics, carbon-doped
HBTs show a dc gain of 16 while zinc-doped HBTs show a dc
gain of 36, almost two times higher than carbon-doped HBTs.
The offset voltage was found to be 0.2 V for both HBTs since
it is determined by the difference in the turn-on voltages of the
base-emitter and base-collector junctions and no obvious differ-
ence is evident in the junctions formed by zinc or carbon-doped
InGaAs.
In order to explain the considerable difference in terms
of dc gains for these two otherwise same HBT structures
except for base dopants and base growth, heavily zinc and
carbon-doped p-type InGaAs layers were characterized by
time-resolved photoluminescnce and their carrier lifetime was
evaluated. The InGaAs:C layers characterized had a doping
concentration of 2 10 cm and the InGaAs:Zn layers had
a doping concentration of 2.3 10 cm , as measured by
Hall. The InGaAs:Zn showed a carrier lifetime of 53 ps, while
InGaAs:C showed a carrier lifetime of 29 ps. The gain scales
slightly different than predicted purely on the basis of carrier
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(a)
(b)
Fig. 1. (a) DC characteristics of 1 10 m carbon-doped InP/InGaAs HBT
and (b) DC characteristics of 1 10 m zinc-doped InP/InGaAs HBT.
lifetime measurements (2.25 for dc gain and 1.82 for carrier
lifetime measurement) due to the slight difference in doping
concentration of the measured sample (a bulk layer was used
for carrier lifetime measurement) and the actual base doping
concentration in the device structure.
The previous measurements clearly show that InGaAs:C is
relatively worse in terms of material quality than InGaAs:Zn if
minority carrier lifetime is used as base of comparison. The de-
graded minority carrier lifetime performance of heavily doped
p-type InGaAs:C directly leads to a considerably lower dc gain
for carbon-doped HBTs. This is however, as expected due to the
lower growth temperature and lower V/III ratio required to re-
alize heavily p-type doped InGaAs:C layers. Both conditions,
low growth temperature and low V/III ratio, would lead in ma-
terial quality and surface morphology degradation, which can
then turn into degradation of carrier lifetime.
The Gummel plot of the zinc-doped InP/InGaAs HBT is
shown in Fig. 2(a). The extracted ideality factors for base and
collector current are and . The results
agree with published results for InP/InGaAs HBTs [23]–[26],
where ranged from 1.02 to 1.5 and ranged from 1.02
to 2.0. The Gummel plot of the carbon-doped InP/InGaAs
HBT is shown in Fig. 2(b). The ideality factor for base current
and collector current and are 2.2 and 1.6, respectively.
Both ideality factors are considerably larger compared with
and of 1.7 and 1.3 for zinc-doped HBT. Since carbon has
significantly lower diffusion coefficient than zinc, it is expected
that carbon does not diffuse out through the spacer used in
the HBT layer structure. As discussed earlier, this would
result in an increase of the base ideality factor [24]. The larger
collector current ideality factor observed for carbon-doped
HBT is expected to be due to the difference in base-emitter
junction between carbon-doped and zinc-doped HBTs; carbon
(a)
(a)
Fig. 2. (a) Gummel plot of 1 10 m zinc-doped InP/InGaAs HBT and (b)
Gummel plot of 1 10 m carbon-doped InP/InGaAs HBT.
has a lower diffusion coefficient ( ) than zinc ( ) and the
base-emitter junction of carbon doped HBTs is consequently
expected to be more abrupt than that of zinc-doped HBTs.
Since thermionic emission or tunneling of electrons takes place
at the more abrupt carbon-doped base-emitter junction, the
collector ideality factor of carbon-doped InGaAs base HBTs
differs from 1 and is higher than that of zinc-doped InGaAs
base HBTs.
IV. TRANSMISSION LINE METHOD (TLM) PATTERN ANALYSIS
FOR ZINC AND CARBON-DOPED BASE LAYERS
TLM measurements were performed after base formation and
RTA annealing at 375 C for 7 s. The emitter metal was first
evaporated and the layers were then etched down to the base
using emitter metal as mask. A selective ethant (HCl/H PO )
was used in order to reach the base.
TLM patterns were fabricated using the same base contact
metallization. Typical TLM patterns had a length of 75 m and
width of 150 m. The TLM gaps ranged from 3 to 50 m and the
base layer was 600 thick with a nominal doping concentration
for both zinc and carbon-doped base layers of 2 10 cm .
The resistance dependence on TLM gap size was evaluated
and plotted. It is well known that the total resistance between
two TLM contacts with gap L is
(1)
where is the contact resistance, is the sheet resistance
of base layer, is the TLM pad width, and is the TLM gap
size. Measurements of zinc and carbon-doped base layers as
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Fig. 3. Plot of total resistance as a function of TLM pad gap size for
carbon-doped and zinc-doped InP/InGaAs HBTs.
TABLE II
TLM MEASUREMENT RESULTS FOR CARBON-DOPED BASE
AND ZINC-DOPED BASE
a function of TLM pattern gap size are shown in Fig. 3. The
sheet resistance, contact resistance, and transfer length can be
calculated from these characteristics.
Typical sheet resistance measurement errors were less than
5%, while the contact resistance and transfer length errors are
below 30% and 50%, respectively. The measurement results are
summarized in Table II along with several other data obtained
for different base doping concentration and base thickness [25].
The sheet resistance of zinc and carbon-doped InGaAs base
layers obtained from TLM measurements (680 for zinc
and 828 for carbon) is as expected by their nominal doping
values (2.0 10 cm for both zinc and carbon). The slightly
better sheet resistance of zinc-doped (680 ) than carbon-
doped base (828 ) is due to the slightly higher base doping
concentrations of the zinc-doped base. One can estimate the ac-
tual base doping concentrations of these two HBTs from their
sheet resistance by comparing it with those provided by other
studies in Table II. The comparison suggests that the zinc and
carbon-doped base concentration is around 2.4 10 cm
and 2 10 cm , respectively.
The sheet resistance of the carbon-doped base (600 , 828
) is very close to the values reported in [23] (700 , 650
). It should, however, be noted that in that study [23], a
two-step MOCVD growth was employed and postgrowth an-
nealing after base growth was performed with the wafers being
placed into the reactor for a second time to regrow the emitter
and cap layers. In this study, a simple growth procedure was em-
ployed and an optimized InP emitter layer growth was used to
restrict the additional hydrogen out-diffusion and improve the
base-doping concentration. The employed procedure is much
simpler yet led in almost the same value in terms of base sheet
resistance.
Fig. 4. Hall mobility of carbon-doped InGaAs and zinc-doped InGaAs as a
function of doping concentration.
The contact resistance of the carbon-doped base (33.7 ) is
found to be much higher than that of zinc-doped base (4.9 )
despite their small difference in terms of sheet resistance. The
transfer length of the carbon-doped base (5.99 m) was also
larger than that of the zinc-doped base (1.06 m). The much
higher contact resistance and transfer length of the carbon
rather than zinc-doped base is not related to doping concen-
tration difference. As mentioned above, the sheet resistance
values of these two layers are very similar considering the
errors involved in doping calibration. Moreover, the under or
over-etching of the base layers should not be the reason either
since a selective etchant (HCl/H PO ) with very high selective
ratio for InP/InGaAs was used to reach the base.
It should also be pointed out that the difference in terms of
contact resistance for zinc and carbon-doped base does not
originate from the Hall mobility difference of two layers. Fig. 4
shows the Hall mobility measurement results for zinc and
carbon-doped layers over a wide range of doping concentration
values. As can be seen, the Hall mobility is not significantly
different. For example, for carbon-doped InGaAs layer at
a doping concentration of 2.2 10 cm , the mobility is
about 45 cm /V/s whereas for zinc-doped InGaAs layer at
a doping concentration of 2.2 10 cm , the mobility is
about 55 cm /V/s. The contact resistance difference caused by
mobility variations between zinc and carbon-doped base layers
should consequently be marginal.
A possible reason for the observed characteristics is the dif-
ference in base-spacer profiles between zinc and carbon doped
HBTs. While zinc diffusion causes the 100 thick spacer in
the zinc-doped HBT to become moderately doped, the 100
spacer in carbon doped HBT remains undoped due to the much
smaller diffusivity of carbon than that of zinc. As a result, the
contact resistance of carbon doped base layer was affected by
the thin undoped InGaAs layer under the ohmic contacts.
Annealing after emitter mesa formation, namely, annealing of
the HBT layers (500 C in for 5 min) after emitter mesas are
formed could effectively improve the base sheet resistance [26].
However, as mentioned in [26], it is only effective for HBTs with
very narrow emitter widths ( 2 m). Moreover, this approach
is not desirable in our technology since it could severely de-
grade the InP emitter side-walls and also the exposed base area.
Other undesirable effects for emitter ohmic contacts could also
be present under such high temperature treatments.
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Fig. 5. (a) High-frequency performance of a 1 10 m zinc-doped
InP/InGaAs HBT at V = 1:8 V and I = 4:1 mA and (b) high-frequency
performance of a 1 10 m carbon-doped InP/InGaAs HBT at V = 2:0 V
and I = 20:4 mA.
The HBTs employed in this work typically have a lateral
base width of 2 m self-aligned along the base. For zinc-doped
HBTs, the length of lateral contact is almost two times the
transfer length (1.06 m) and appears therefore almost as a
semi-infinite contact. On the contrary, for carbon-doped HBTs,
the length of the lateral contact is only one third of the transfer
length (5.99 m) and as a result the overall base contact
resistance increases in a pronounced way.
The much larger contact resistance of the carbon-doped base
layer also causes the increase of the base-emitter voltage of
carbon-doped HBTs compared with that of zinc-doped HBTs,
as necessary for obtaining the same current density level. For
example, at emitter current of 8.7 mA, zinc-doped HBTs have
a base-emitter voltage of 0.88 V at V while carbon-
doped HBTs have a base-emitter voltage of 1.27 V at
V, almost 0.4 V higher than that of zinc-doped HBT. This is
related to the fact that a larger base contact resistance leads to a
need for application of higher extrinsic base-emitter voltage in
order to achieve the same level of emitter current density.
V. SMALL-SIGNAL MICROWAVE PERFORMANCE OF ZINC AND
CARBON-DOPED INP/INGAAS HBTS
The small signal S-parameters of zinc and carbon-doped
HBTs were measured by using an HP8510B network analyzer
from 0.5 GHz to 25.5 GHz. The current gain , maximum
power gain and unilateral power gain (Mason’s gain)
were calculated from the measured S-parameters. The cut-off
frequency and the maximum frequency of oscillation
can be extrapolated by extending the current gain and Mason’s
gain curve at 20 dB/decade.
Fig. 6. Dependence of f on dc bias for 1 10 m carbon-doped and
zinc-doped InP/InGaAs HBTs.
Fig. 5(a) shows that the bias used for optimal microwave
performance of zinc-doped HBTs was V,
mA, corresponding to a current density of 4 10 A/cm .
As can be seen, and of 72 GHz and 109 GHz were
achieved under this optimum biasing condition for 1 10 m
zinc-doped HBTs.
Fig. 5(b) shows the high-frequency performance of
1 10 m carbon-doped HBTs. It is noted that the optimum
biasing current ( mA) is considerably higher than
that of 1 10 m zinc-doped HBTs while was about
the same (2.0 V). By using the same extrapolation method as
mentioned earlier, and were found to be 70 GHz and
102 GHz, respectively.
In order to explain the large difference between zinc and
carbon-doped HBTs in terms of optimum biasing conditions,
the microwave performance of these HBTs under different
biasing conditions was measured. The dependence of on
collector biasing current ( ) and collector-emitter voltage
( ) for 1 10 m zinc and carbon-doped HBTs was
plotted in Fig. 6.
The total emitter-to-collector delay is
(2)
where , , , and are the emitter charging, base transit,
precollector delay (time for the electrons to traverse the base-
collector depletion region), and collector charging times; is
the neutral base width; is the collector depletion width;
is the velocity with which electrons are swept into the base col-
lector depletion region; and is the average electron velocity
in the collector.
Fig. 7(a) and 7(b) show the plot of as a function of
for 1 10 m zinc and carbon-doped HBTs. One can see that
follows a linear relationship with at low current levels.
At high current levels, due to the Kirk effects, the effective
and increase and therefore, increases.
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Fig. 7. (a) Plot of  versus 1=I for 1 10 m carbon-doped InP/InGaAs
HBTs and (b) plot of  versus 1=I for 1 10 m zinc-doped InP/InGaAs
HBTs.
By extrapolating the slope and interception of the region
where follows the linear relationship with for zinc
and carbon-doped HBTs, the slope ( ) and the interception
( ) of the curve can be expressed as
(3)
(4)
By extending the linear region to , can be found
to be 1.8 ps and 1.9 ps for zinc and carbon-doped HBTs, re-
spectively. This similar performance in terms of is expected
since the base width and collector doping concentration are all
the same for these two types of HBTs. As can be seen from
(3) and (4), and are also the same due to the same col-
lector/emitter design and growth procedure. The fact that is
approximately the same for these two HBTs indicates according
to (3) and (4) that the values are similar for these two
HBTs. Such similarity is also expected since both collectors are
approximately depleted under the collector-emitter bias applied
for this study and the collector doping concentration is the same
for two HBTs.
However, the slope of the linear region ( ) of the versus
dependence shows a large difference between zinc and
carbon-doped HBTs. From (3), the sum of and can
be evaluated from the slope of the plot as shown in Fig. 7(a)
and 7(b) and is found to be 0.07 pF and 0.4 pF for zinc and
carbon-doped HBTs, respectively.
values are approximately the same for zinc-doped and
carbon-doped HBTs as mentioned above because the base-col-
lector junctions are fully depleted under the applied reverse
base-collector bias and the collector designs are the same in
terms of doping concentration and thickness. Therefore, the
fact that the sum of and for carbon-doped HBTs
is much larger than that of zinc-doped HBTs indicates that
the base-emitter capacitance of carbon-doped HBTs should
be considerably larger than that of zinc-doped devices. As a
result, the difference in terms of bias-dependent microwave
performance for zinc and carbon-doped HBTs should be
mainly due to the considerably larger base-emitter capacitance
of carbon-doped HBTs.
The previous results are reasonable considering the Gummel
plots of zinc and carbon-doped HBTs shown in Fig. 2(a)
and 2(b). The extrinsic base-emitter junction voltage of
carbon-doped HBTs is significantly higher than that of
zinc-doped HBTs under the same emitter current density. This
is partly due to the larger base resistance of carbon-doped
HBT, which leads to a more pronounced extrinsic voltage drop
across the base resistance, the intrinsic base-emitter junction
is, however, not affected directly by this drop. On the other
hand, a larger ideality factor for carbon-than zinc-doped HBT
(collector current ideality factor of 1.3 and 1.6 for zinc
and carbon-doped HBTs, respectively) is observed in Fig. 2(a)
and 2(b) due to the difference in base-emitter junctions. This
is caused by the lower diffusion coefficient of carbon ( )
than that of zinc ( ) and hence, the base-emitter junction of
carbon-doped HBT is expected to be more abrupt than that of
zinc-doped HBT. Considering the fact that the built-in voltage
of an abrupt n-p heterojunction is ,
while that of a graded heteojunction is (
and are the built-in potentials at the p and n-side respec-
tively, is the energy gap on the p-side and is the E-B
conduction band discontinuity), one expects that the intrinsic
base-emitter junction voltage of carbon-doped HBT is higher
than that of zinc-doped HBT at the same current density. The
base-emitter junction capacitance of the carbon-doped HBT is
therefore larger than that of zinc-doped HBT and contributes
to the lower performance of carbon-doped HBT compared
with that of zinc-doped HBT at the same current density and
also their significant difference in terms of optimum biasing
current density for peak performance. (4 10 A/cm for
zinc HBT and 2 10 A/cm for carbon HBT according to the
results of Fig. 6).
It is also observed that the maximum frequency of oscillation
is similar for zinc and carbon doped HBTs. (109 GHz
for zinc-doped and 102GHz for carbon doped HBT). To under-
stand these characteristics, let us first consider and that
are related through the following equation (5):
(5)
As discussed previously, carbon-doped HBT has larger base
contact resistance while both HBTs have similar (72 GHz for
zinc-doped and 70 GHz for carbon doped HBT) and . How-
ever, the corresponding current density of carbon-doped HBT
(2 10 A/cm ) is much larger than that of zinc-doped HBT
(4 10 A/cm ). We therefore attribute the similar perfor-
mance of carbon-doped HBT and zinc-doped HBT to the base
resistance reduction occurring at higher operation current den-
sity.
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As mentioned earlier, the main difference between the
compared HBTs is the base growth procedure and type of base
dopant. For zinc-doped HBTs, the entire growth procedure
was carried out at the same growth temperature and no growth
interruption was introduced except for gas switching. On the
other hand, for carbon-doped HBTs, the growth was interrupted
before and after the base growth to lower the growth tem-
perature to maximize the p-type doping concentration of the
carbon-doped InGaAs base layer. It is shown from the earlier
discussion that of carbon-doped HBTs is much larger than
that of zinc-doped HBTs under optimum biasing conditions.
The growth interruption does not affect the base-collector
junction characteristics significantly because the base-collector
junction is a homojunction and reverse bias is employed for
normal HBT operation. However, the base-emitter junction is
severely degraded by this growth interruption and low growth
temperature, low V/III ratio employed for carbon-doped base
layer growth. Moreover, the low growth temperature and low
V/III ratio, which is used for carbon-doped base growth also
introduces considerable difficulty in terms of both doping and
composition control. As a result, the base contact resistance
for carbon-doped base (33.7 ) is much higher than that of
zinc-doped base (4.9 ), although the sheet resistance for these
two layers is similar (680 for zinc-doped base and 828
for carbon-doped base), indicating the successful growth
of highly carbon-doped p-type base (2 10 cm ).
VI. CONCLUSION
In this paper, carbon-doped InP/InGaAs HBTs were success-
fully grown and fabricated by MOCVD. and of 70
GHz and 102 GHz were achieved under optimized bias con-
ditions for these HBTs. At the same time, zinc-doped InP/In-
GaAs HBTs with the same design except for the base growth
procedure and base dopants were grown and fabricated for com-
parison. It is shown that the dc current gain of carbon-doped
HBTs is almost three times lower than that of zinc-doped HBTs.
This has been proven by carrier lifetime measurements of zinc
and carbon-doped InGaAs layers based on time resolved pho-
toluminescence. It is also shown that the base-emitter voltage
of carbon-doped HBTs is much higher than that of zinc-doped
HBTs at the same emitter current density. TLM analysis of zinc
and carbon-doped InGaAs base layers shows similar sheet resis-
tance. The low sheet resistance of carbon-doped base indicates
the successful growth of highly carbon-doped, p-type InGaAs
base layers (2 10 cm ). However, the contact resistance of
the carbon-doped base is much larger than that of the zinc-doped
base. This is due to the low carbon diffusivity, hydrogen passi-
vation of carbon dopants and base surface degradation, which is
caused by the growth interruption before and after base growth,
as well as the low temperature and low V/III ratio used for the
growth of carbon-doped base. Bias-dependent microwave char-
acteristics of zinc and carbon-doped HBTs were measured and
analyzed. It is shown that the optimum biasing conditions for
the best microwave performance are considerably different for
these two types of HBTs although carbon-doped HBTs have
similar and ( GHz and GHz,
A/cm ) compared with zinc-doped HBTs (
GHz and GHz, A/cm ) under
optimum bias. The analysis shows that the base-emitter junction
capacitance of carbon-doped HBTs is much larger than that of
zinc-doped HBTs. This larger base-emitter junction capacitance
of carbon-doped HBTs is caused by the degraded base-emitter
junction, which can be attributed to the low growth temperature,
as well as the growth interruption introduced in the procedure
of the carbon-doped HBT structure growth.
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